229 ice | science Magnesium-rare Earth alloys receive growing interest for medical applications as implant material due to their nontoxicity, high specific strength with moderate corrosion rate and elastic modulus comparable with bone. In this study, the corrosion properties of cast Mg10Gd modified with neodymium have been investigated by potentiodynamic measurements. Adding neodymium to Mg10Gd improves mechanical properties, but the influence on the corrosion behavior was rarely investigated. The heat treatment of Mg10Gd1Nd and Mg10Gd2Nd, especially T6, increased strength due to precipitation of prismatic plate precipitates. In most magnesium alloys, the degradation of α-Mg matrix preferentially due to the cathodic response of precipitates, the influence of type and distribution of the precipitates on the nature and dynamics of the corrosion process is discussed. The temperature increase from room to body temperature accelerates the corrosion processes. However, an extended repassivation is observed at higher temperatures. Emerging Materials Research Volume 2 Issue EMR5 Tailoring properties of cast Mg10Gd by alloying Nd and heat treatment Maier, Mendis, Tober and Hort Pages 229-238 http://dx.
Introduction
Degradable metallic materials, especially magnesium alloys, have increasingly become a focus of research interest during the past years. 1, 2 The interest is based on the property profile of magnesium alloys, which is very close to that of human bone and the degradation behavior of the alloys. 3 The chemical composition and the processing route trigger the final microstructure and features of degradation. Gadolinium is a suitable alloying element for the design of magnesium implant alloys. Hort et al. 4 found that above 10 wt.% Gd precipitation hardening is observed in addition to the solute strengthening. Neodymium belongs to the group of rare earth elements with low solubility in magnesium and increases the strength due to precipitation while reducing the dendritic structure of the as-cast alloy. Hort et al. further showed that at 10 wt.% Gd, the corrosion rate is the lowest for the binary Mg-Gd alloys. The acute toxicity of gadolinium is only moderate, and the tests regarding the cytotoxicity in osteoblast-like cells showed that gadolinium could be a suitable alloying element for designing Mg-Gd-based implant materials for medical use 5 .
The as-cast Mg10GdxNd (x−1 and 2 wt.%) alloys contain Mg 5 (GdNd) particles that dissolve during solution heat treatment (T4). 6 During isothermal aging at 250°C (T6 heat treatment), plate-like precipitates form following the sequence described by Apps et al. 5 in Mg7Gd2Nd alloy. At the peak hardness, a mixture of β' (base-centered orthorhombic Mg 7 Gd) and β 1 (fcc Mg 5 Gd ) phases were observed in Mg7Gd2Nd alloys. 6, 7 The amounts of β' and β 1 phases are dependent on the ratio between gadolinium and neodymium. 6 Nishijima et al. 8 and He et al. 9 in their investigations on Mg 5at% Gd and Mg15Gd0·5Zr alloys, respectively, found that the microstructure in the peak-aged alloy was β' phase, while Vostry et al. reported that below 10 wt.% Gd in a binary alloy, the β' phase is absent in the peak-aged microstructures. 10 The aim of this work is to study the effect of the amount of Nd, testing temperatures (22 and 37°C) and the heat treatments on the corrosion behavior of Mg10GdxNd alloys (where x = 1 and 2 wt.% Nd). Previous research by Maier et al. 11 on the influence of the microstructure on the passive/transpassive corrosion behavior of Mg10Gd base alloys has shown no significant difference between coarse dendritic grains and fine recrystallized grains. However, in that study, zero flow rate was applied, and thus, the pH value of the rather small amount of electrolyte increased significantly. Further research by Maier et al. 12 has shown that operating with a moving electrolyte (by applying adjustable flow rate) keeps the pH value around 8·5 and therefore provides a testing setup closer to reality in the human body environment, which may reveal the microstructural influences in a different light.
Materials and experimental procedure
Alloys investigated were prepared using the permanent mold direct chill casting technique 13, 14 under a protective gas mixture Tailoring properties of cast Mg10Gd by alloying Nd and heat treatment Maier, Mendis, Tober and Hort of argon and 2% sulfur hexafluoride at Helmholtz-Zentrum Geesthacht, Geesthacht, Germany. The casting temperature was 730°C, and the mild steel mold (inner surface has a thin boronitride coating) was preheated to 500°C. Gadolinium and neodymium were added as pure elements to the Mg melt before casting. The ternary alloys under investigation had nominal compositions of 10 wt.% Gd in addition to 1 and 2 wt.% Nd. In the Mg10Gd1Nd alloy, gadolinium and neodymium were present in the amounts of 8·13 and 0·74 wt.%. The actual composition of Mg10Gd2Nd is 9·17 wt.% Gd and 1·75 wt.% Nd. The binary alloy Mg10Gd was used for comparison and consists of 9·2 wt.% Gd. For the analysis of the overall chemical composition, inductively coupled plasma-optical emission spectroscopy was applied. The specimens were dissolved in concentrated nitric acid and diluted by a factor of 32 000. The alloys were solution treated (T4) at 525°C for 24 h and quenched into water at room temperature. The aging heat treatment (T6) was performed on these alloys at 250°C for 6 h to reach peak hardness based on previous investigations. 7 The mechanical properties were measured at room temperature using a Zwick 050 tensile testing machine (Germany) with an initial strain rate of 1 × 10 −3 mms −1 , and a number of ten samples were tested for each alloy. An extensometer (Germany) is applied to determine the strength values. Elongation at fracture is determined by removing the fractured specimen from the grips, fitting the broken ends together and measuring the distance between gage marks. Tensile tests cannot be regarded as reliable methods for determining the Young's modulus of magnesium. It is known that the Young's modulus is influenced by the applied load, the composition and internal stresses. However, to get a rough guide, resonance frequency damping analysis method has been applied to determine the dynamic modulus of elasticity of the alloys in T4 condition, only. The microstructures of T6 heattreated alloys were observed with a CM200 transmission electron microscope (Phillips,The Netherlands) operating at 200 kV, and the samples were prepared by twin jet electropolishing in 2% perchloric acid in methanol.
A three-electrode flow cell with a volume of 70 ml was used to evaluate polarization (current density-potential) curves using an Argenthal reference electrode. The measurement area at the working electrode was 150 mm 2 . To prepare the surface of the samples for the corrosion tests, silicon carbide-grinding paper with a grit size of 1200 was used. Due to cleaning with ethanol and distilled water, drying and placing the sample in the cell 2 min have passed. The maximum flow rate possible by the applied pump, 8 l/min, was chosen to determine extreme conditions. As mentioned above, previous research 12 has shown that a moving electrolyte is necessary to keep the pH value around 8·5. A small volume of electrolyte leads to a strong increase in pH value, which is not the case in normal in vivo environments. Ringer acetate solution (1 l:6-g sodium chloride, 3·7-g sodium acetate, 0·134-g calcium chloride, 0·203-g magnesium chloride and 0·4-g potassium chloride; pH value of 6·5) was used as the corrosive media in this study due to its similarity to human blood. Results from this investigation are expected to be more practical for bioimplantation materials compared with 3% sodium chloride solution that is more aggressive. To force the magnesium alloy into strong anodic corrosion, the curve was traced from the negative potential end (-2000 mV) toward the positive end (+4000 mV). The key point of this measurement is to study the passive/transpassive behavior of Mg10Gd and its dependence on temperature, content of neodymium and heat treatment. The form of corrosion (selective, uniform or pitting corrosion) is evaluated by light optical microscopy and correlated to the voltammetric behavior. Since resulting pits, as a result of chemically damaged or not uniform passive films, appear in different shapes, that shape of pitting corrosion is of interest. According to ASTM-G46-94 'Guide for Examination and Evaluation of Pitting Corrosion', pits can become wide and shallow, elliptical, narrow and deep or undercut the surface. This is indentified through metallography where the corroded (pitted) sample is cross-sectioned to determine the pit shape and size as well as depth of penetration. Table 1 shows the tensile properties of as-cast (F), solution heattreated (T4) and aged (T6) Mg10GdxNd alloys. A significant increase in the tensile yield strength (TYS) and ultimate tensile strength with T6 heat treatment is observed for both the 1 and 2 wt% neodymium-containing alloys. Such significant increment in strength was not apparent in a similarly heat-treated Mg10Gd alloy. An increase in the elongation at fracture is observed for the T4 heat-treated alloys. Mg10Gd1Nd-T4 shows the highest increase in elongation at fracture up to 7%. Independent of the alloy and heat treatment condition, all samples show brittle transgranular fracture initiated from surface cracks or particles and pores in the inner. The Young's modulus is 43·71 ± 0·38 GPa, 44·22 ± 0·15 GPa and 44·45 ± 0·15 GPa for Mg10Gd, Mg10Gd1Nd and Mg10Gd2Nd in the T4 condition, respectively. No significant difference between the as-cast and heat-treated alloys is expected based on the findings of Hort et al., 4 where four binary Mg-Gd alloys showed more or less the same values for E. Due to the increase in strength, the neodymium-containing alloys subjected to T4 and T6 heat treatments form the basis of the corrosion study. From the mechanical properties point of view, Mg10Gd1Nd-T4 shows the best combination of strength and ductility.
Results and discussion

Tensile properties and microstructures
The microstructures of the as-cast conditions, see Figure 1 (a) for Mg10Gd1Nd as a representative example, show a coarse columnar structure with a grain size up to 500 µm in size. These columnar grains are characterized by dendrite arms with preferred The transmission electron microscopy images of T6 heat-treated alloys are shown in Figure 2 . The Mg10Gd1Nd alloy contains a coarse distribution of β 1 phase (see Figure 2 (a)), while the increase in the neodymium content to 2 wt.% resulted in a duplex microstructure of coarse β 1 -phase precipitates (Mg 5 Gd) and regions containing much finer precipitates β' (Mg 7 Gd), Figure  2b . The fine-scale precipitates observed in the microstructures of Mg10Gd2Nd were identified as β' phase using electron microdiffraction (not shown here). On the basis of the previous investigations by Vostry et al., 9 it is proposed that with increased addition of neodymium, a fine distribution of β'-phase precipitates was stabilized at the peak hardness leading to an increase in the yield strength.
After T6 heat treatment, the number density of 2·9 × 10 −19 m −3 was calculated for the coarse particles in Mg10Gd1Nd and 2·5 × 10 −19 m −3 in Mg10Gd2Nd. The number density of fine precipitates in Mg10Gd2Nd after T6 is 1·2 × 10 −20 m −3 , but the contribution is not uniform. The coarse precipitates found in T6 condition are not observed in T4, and no particles have been found.
Microgalvanic corrosion is driven by the difference in electrochemical potential between intermetallics and the matrix. The presence of intermetallic particles changes the composition of the matrix material. The composition of the matrix material surrounding the particles has not been measured yet but will contain less gadolinium and neodymium. Investigations on the nanohardness of particles, surrounding matrix and solid solution have shown less hardness in matrix-surrounding material 15 . This depleted region of alloying elements underlines the different Mg-Gd-Nd ratio. However, not only the chemical composition
Condition
Tensile property Mg10Gd Mg10Gd1Nd Mg10Gd2Nd
Elongation at fracture (%) 2·2 ± 0·6 3·0 ± 0·9 0·8 ± 0·2 TYS, tensile yield strength; UTS, ultimate tensile strength. 1 mm 1 mm 1 mm
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Influence of test temperature (22/37°C)
It is known that increasing the test temperature increases the microgalvanic corrosion 16 . Figure 3(a) shows that for 22°C, the passive oxide film is not stable; a constant increase of corrosion current was observed for Mg10Gd2Nd in T4 condition. Only at a very high potential (3500 mV), the corrosion current is kept at a constant current density (45 mV/cm 2 ), followed by ongoing breakdown and re-passivation. Figure 4(a) shows the microstructure with strong corrosion attack after potentiodynamic test. This micrograph also shows that the grain boundary acts as the cathodic area and withstands the ongoing corrosion, and the areas away from the grain boundary show significant erosion (250 µm deeper than remained grain The passivation plateau for the same material (Mg10Gd2Nd in T4) exposed at 37°C starts at 1000 mV, see Figure 3 (a). Repassivation exceeds 3000 mV. Therefore, at higher temperature repassivation due to more active microgalvanic corrosion was observed. The corroded surface in Figure 3 (b) (top view) and the micrograph in Figure 4 (b) (cross-section) present the corrosion attack after passing breakdown potential. Repassivation does not form a homogeneous oxide layer, which is impermeable to the electrolyte. The occurring repassivation even leads to the formation of elliptical and undercutting pits with a penetration depth up to 50 µm. Figure 4 (b) also shows selective corrosion, where dendrite arms remained after heat treatment. Since the current density value at both temperatures is between 40 and 50 mA/cm 2 at 4000 mV, the material loss over all is assumed to be similar. Since undercutting pits cause high-stress peaks under load, they are not preferred.
Influence of heat treatment (T4/T6) on polarization curves
Since measurement at 37°C is similar to the human in vivo environment and due to increase in repassivation ability, the following are results from the measurements at 37°C. Table  1 shows that solution treatment T4 increased elongation at fracture by factor of 2: up to 7% for Mg10Gd1Nd-T4 and up to 3% for Mg10Gd2Nd-T4. Strength values did not change significantly after T4 compared with the as-cast alloys. Therefore, the as-cast condition of Mg10GdxNd has not been investigated further. However, Mg10Gd in as-cast was used as a reference for comparison in Figure 5 (a) and 5(b) and does not show passivation; the corrosion current is constantly rising with increased potential. This behavior is contrary to the results obtained by Maier et al. 9 and explained by presence of flow and lower increase in pH value. Applying a flow rate leads to a stronger removal of corrosion products and therefore accelerates microgalvanic corrosion on the fresh metal surface. The repassivation behavior of the T6-treated Mg10GdxNd is better, see Figure 5 (a) for Mg10Gd1Nd showing a small improvement and Figure 5 (b) for Mg10Gd2Nd presenting a stronger repassivation, respectively. The current density is even found to decrease with increasing voltage for Mg10Gd2Nd. The shape of pitting corrosion is rated as subsurface and undercutting pitting and will be discussed in more detail in the Section 3.5.
The elongation at fracture of Mg10Gd1Nd in T4 condition presents the highest value, and repassivation, on the other hand, is less pronounced due to the absence of microgalvanic corrosion activity in the T4 condition. There is a difficult balance in the attempt to design a casting alloy based on Mg10Gd with sufficient mechanical properties and corrosion behavior. Stronger repassivation as a result of having precipitates with different electrode potentials to the α-matrix seems not to agree with the strong decrease in elongation at fracture due to precipitation hardening.
The presence of precipitate particles seems to assist in the passivation due to shorter galvanic pathways set up between the precipitates. The enhancement of the passivation behavior observed for the Mg10Gd2Nd alloy is attributed to the presence of finer scale β' precipitates observed in colonies in the alloy. Figure 2 compared with the Mg10Gd1Nd alloy. Further increase in the neodymium content or reducing the ratio between gadolinium and neodymium is expected to lead to better repassivation due to formation of fine distribution of precipitates. Figure 6(a) ) and T6 heat treatment ( Figure 6(b) ). There is no strong difference in corrosion in dependence of neodymium content in the T4 condition, since all precipitates should be dissolved during solution treatment. Within the active corrosion area, Mg10Gd2Nd shows a slight higher increase in corrosion current with increasing voltage. Here it is assumed that not all second-phase particles dissolves during T4 and a difference in electrode potential remains. In age hardened T6, Mg10Gd2Nd presents a reduction in corrosion current at the high-positive end of potential, see Figure 6b .
Influence of neodymium (1Nd/2Nd) on polarization curves
The passive/transpassive corrosion behavior of Mg10Gd1Nd-T4 alloy varies the most in Mg10Gd2Nd-T6 condition, which shows no breakdown potential before the potential of 4000 mV was reached. The duplex microstructure of coarse β 1 -phase precipitates and regions containing much finer β'-phase precipitates promotes repassivation. The microgalvanic corrosion between these precipitates and the α-matrix allows the ongoing rebuilding of the passive oxide layer up to a high anodic corrosion exposure. However, the oxide film does not prevent further oxidation, which will be seen discussing the cross-sectioned micrographs. Furthermore, this duplex microstructure leads to strong decrease in elongation at fracture. It is assumed that an elongation at fracture around 1% is too low and therefore, the material is too brittle for use as a medical implant material. The increase in neodymium content did not make a big difference on the potentiodynamic corrosion behavior. The cross-section also reveals wide and shallow pits changing into elliptical pits. As an example, micrograph surface pits are found for this material condition as a result of repassivation. However, the cross-section is taken after Figure 7 (c) (before breakdown) presents undercutting pits, again, away from the grain boundary. Repassivation is present up to the end of the corrosion test, but the porosity of the oxide layer results in undercutting pits. Figure 7 (d) also shows a micrograph of Mg10Gd2Nd-T6 before breakdown. Strong subsurface pitting corrosion is seen. The formed oxide layer of this material (2 wt.% Nd and aged to peak hardened) repassivates the best, but contains a large number of pores. It can also be seen, that the grain boundary acts as the cathodic area with larger pits appearing further away from the boundary; intragranular corrosion is not present for these alloys. Electron microscopy images do not show extensive grain boundary precipitates, they were observed within the grains. There is no driving force caused by a sufficiently high electrode potential difference between second phases and α-matrix, as the binary Mg-10 wt% Gd alloy shows the lowest corrosion rate. 4 
Influence of neodymium (1Nd/2Nd) and heat treatment (T4/T6) on shape of pitting corrosion
Conclusion
An important issue for material development in medical applications is to meet the requirement specification of the magnesium alloys concerning corrosion rate and mechanical properties. The requirements of biodegradable metals depend on their application; it differs for human implantation such as bones (surgical application) or stents (cardiovascular treatments). With this work, it could be shown that by modifying the binary Mg-Gd alloy with an appropriate content of alloying elements, here neodymium, as well as the appropriate heat treatment, mechanical and corrosive properties can be adjusted. As-cast magnesium alloys fit to human bone properties regarding Young's modulus; however, they are lacking in ductility; the elongation at fracture is very low. Within the group of Mg-Gd-Nd alloys investigated in this study, Mg10Gd1Nd in T4 condition shows the highest value of elongation at fracture, up to 7% with moderate strength values. Strength, on the other hand, increases strongly due to precipitation hardening during isothermal aging (T6).
Potentiodynamic measurements were carried out with a threeelectrode cell using Ringer acetate solution due to its similarity in human blood and applying a flow rate of 8 l/min to keep the pH value increase rather low. To fit the body temperature, measurements were taken at 37°C. The temperature increase from room temperature promotes microgalvanic corrosion, which depending on neodymium content and heat treatment improves repassivation, even at very high anodic corrosion (up to 4000 mV). The alloys were stretched to pass breakdown potential. Isothermal aging (T6) improves repassivation, especially for Mg10Gd2Nd, where a duplex microstructure of coarse β 1 -phase precipitates and regions containing much finer β' precipitates was found. In T4 condition, the content of neodymium does not influence the corrosion behavior. After the T6 heat treatment, the increase up to 2 wt.% Nd improves repassivation; breakdown potential could not be detected. However, as more active the repassivation is, more change the pitting corrosion results in wide and shallow pits forming the shape of undercutting and subsurface pits, which are expected to be more dangerous concerning stress peaks build up under load. Finally, as-cast binary Mg10Gd alloy does not show any passivation ability applying the flow cell; increasing the amount of neodymium as well as heat treatment, which in addition to solid solution and precipitation hardening also decreases the dendritic microstructure, is necessary.
Further work should concentrate on evaluating the electrochemical potential of the second phases itself, the matrix material surrounding these second phases and very local areas such as grain boundaries. With that the influence of the grain size on the corrosion behavior could be investigated in addition to chemical compositions and heat treatment. The complete picture will form by bringing the local electrochemical potential in correlation to its chemical composition. In this study, the temperature seems to influence the corrosion process the most, followed by the heat treatment and finally by the alloying composition (obviously depending on the Gd:Nd ratio). The mechanical properties, especially the strength, are also stronger, influenced by the heat treatment (an increase up to 150% in TYS for Mg10Gd2Nd in T6 condition) than by increasing neodymium content from 1 to 2 wt.%. Pitting corrosion to a different extent has been found in all investigated alloys using the flow cell influenced by the repassivation ability. The passive oxide layer reduces the corrosion rate in dependence on neodymium content and heat treatment. This result underlines the importance of understanding the formation of second phases and their influence on passivation. However, passive films should be stable, homogeneous and free of porosity. Cast Mg10GdxNd alloys seem to be susceptible to localized breakdown; resulting in accelerated corrosion of the underlying metal. Pitting corrosion is very dangerous when mechanical loading and corrosion take part simultaneously.
